Bovine leukemia virus (BLV), a member of the human Tcell leukemia virus (HTLV)-BLV group of retroviruses, causes persistent lymphocytosis (PL), a polyclonal increase in peripheral blood B-lymphocyte numbers, in approximately 30% of infected cattle (14, 20) . PL is a strong risk factor for development of lymphoma and/or leukemia, and 1 to 5% of PL animals eventually develop neoplasia (14) . Theoretically, either increased cell proliferation or decreased cell death can cause PL. B cells from BLV-infected sheep and cattle may have a higher proliferation rate (18, 25, 38) . A decreased rate of apoptosis and therefore increased cell longevity may also contribute to PL (11, 12, 32, 33) . There is an overall increase in apoptosis in ex vivo-cultured peripheral blood mononuclear cells (PBMCs) from PL cows, but infected cells that express viral proteins are less prone to undergo spontaneous apoptosis than are cells from the same animals that do not express viral proteins (11) . Additionally, supernatants from cultures of PL PBMCs have antiapoptotic properties and delay apoptosis when added to uninfected cell cultures (11) . These results suggest that increased cell longevity due to delayed apoptosis may be mechanism of PL, particularly in more densely packed environments such as lymph nodes, even if delayed apoptosis is not seen in ex vivo cells from peripheral blood.
Several concurrent mechanisms may result in BLV-induced cell proliferation or delayed apoptosis. The Tax protein is one critical factor in BLV-induced cell proliferation and neoplasia (42, 43) . BLV and HTLV Tax activate the viral long terminal repeat promoter, and HTLV-1 Tax is also known to activate many cellular promoters, including those for interleukin-2 (IL-2), IL-2 receptor alpha, granulocyte-macrophage colony-stimulating factor, c-Fos, and vimentin (16) . Several mechanisms have been investigated. Tax facilitates dimerization of CREB transcription factors and binding to Tax-responsive elements in promoters (1, 44) and activates NF-B (4). Polymorphisms in major histocompatibility complex (MHC) class II alleles also play a major role in progression to PL (45) .
An additional, potentially concurrent mechanism for BLVinduced B-cell expansion may be direct interactions of viral proteins with cellular signaling pathways originating at the cell membrane. Interaction with the phosphatase SHP-1 may be one such mechanism. In normal human and mouse B cells, SHP-1 associates with CD22 (13) and CD32b (Fc␥RIIB) (8) and acts as a critical negative regulator of the B-cell receptor (BCR) (8, 13) . We previously showed that in bovine B cells, SHP-1 physically associates with the BLV transmembrane protein gp30 and suggested that this interaction may sequester SHP-1 and make the BCR hyperresponsive to antigenic signaling (6) .
CD5 is one notable cell membrane protein in PL B cells. As in humans and mice, bovine CD5 is present in most T cells but only a small number of normal, uninfected B cells. In BLVinfected PL cattle, however, nearly all of the B cells are CD5 ϩ (10) . In human and mouse T cells, CD5 physically associates with CD2 (27, 34) and T-cell receptor components, including CD3 zeta chain (5, 26) , and transduces signals to Lck (31), SHP-1 (7), and phosphatidylcholine-specific phospholipase C (35) that can modify T-cell receptor signaling. In human B cells, CD5 associates with the BCR (22) . In mouse B cells, the interaction of CD5 with mouse BCR downregulates BCRmediated signaling to undergo proliferation and to increase cell survival by delayed apoptosis (3) .
Here, we show that the association of CD5 with the BCR differs in CD5 ϩ B cells from normal, uninfected cattle and those from BLV-infected PL cattle. CD5 and BCR were associated in cells from normal animals and not associated in PL animals. BCR stimulation of B cells from PL animals resulted in decreased apoptosis, while stimulation of B cells from uninfected animals increased apoptosis. When CD5 and BCR from uninfected bovine CD5 ϩ B cells were experimentally dissociated to simulate conditions in PL cells, the uninfected cells showed decreased apoptosis after BCR stimulation. This suggests that the dissociation of CD5 and BCR in the PL B cells is functionally significant and is a mechanism that contributes to increased longevity and PL in B cells from BLVinfected animals.
MATERIALS AND METHODS

Animals and cells.
Naturally infected adult Holstein-Friesian cows were BLV seropositive by enzyme-linked immunosorbent assay and persistently lymphocytotic based on three consecutive monthly lymphocyte counts above 8,800 lymphocytes/l (40) . The animals were negative for bovine immunodeficiency virus, based on PCR and serology. Negative control cows from the same herd were BLV seronegative. To determine how closely the animals were related, the sire, dam, and grandparents of each animal were determined. For two animals, ancestry could not be determined. Uninfected animals 1937 and 1830 are halfsisters. None of the other animals had common parents or grandparents.
PBMCs from peripheral blood were purified by gradient centrifugation through Lymphoprep cell separation medium (specific gravity, 1.077 g/ml) (Nycomed, Inc.) (37) . B cells were enriched by depletion of T cells. PBMCs (1.5 ϫ 10 8 in RPMI 1640 with 10% fetal bovine serum [FBS] , 100 M streptomycin, and 100 U penicillin) were incubated with mouse monoclonal antibodies (MAbs) to bovine CD3 (MM1A; immunoglobulin G1 [IgG1]; 160 g), CD4 (ILA11A; IgG2a; 160 g), and CD8 (CACT80C; IgG1; 40 g) and an MAb to the ␦ chain of bovine ␥␦ T cells (GB21A; IgG2b; 40 g). After rotating incubation for 30 min at 4°C, cells were washed twice and incubated with 2 ml of anti-mouse IgG Magna Beads (Pierce, Rockford, Ill.) for 30 min at 4°C. T cells were removed by three rounds of magnetic depletion, 5 min per application, at 4°C. In some experiments, MAbs to CD2 (B26A; IgM), CD8 (BAQ111A; IgM), CD4 (GC50A; IgM), and the ␦ chain of ␥␦ T cells (CACT148A; IgM) were used. In these experiments, T cells were depleted by complement lysis, as previously described (39) . T-cell depletion was verified by flow cytometric (FC) analysis. In the coimmunoprecipitation experiments, T cells from uninfected animals were reduced to 10% or less of the cell population, and T cells from PL animals were reduced to 1% or less. In the experiments using BCR stimulation to reduce apoptosis, T cells from uninfected animals constituted 2% or less and T cells from PL animals constituted 0.2% or less of the cell population.
Antibodies. Mouse MAbs were anti-bovine CD5, CACT105A (IgG1), MUC1A (IgG1), and B29A (IgG2a); anti-bovine IgM, 1H4 (IgG1) (23) and PIG45A2 (IgG2b); anti-CD79a (synonyms, Ig-␣ and mb-1), HM57 (IgG1) (Dako) (24) ; anti-SHP-1 (IgG1) (Transduction Laboratories, Lexington, Ky.); anti-Escherichia coli (negative control MAbs) ColiS69A (IgG1) and ColiS169A (IgG2a); anti-chicken MHC class-II-like (negative control MAb) AV64A (IgG1); and the T-cell depletion MAbs as above. With the exception of 1H4, HM57, and anti-SHP-1, antibodies were from the Washington State University Monoclonal Antibody Center.
Coimmunoprecipitations. Surface labeling of cells with biotin and coimmunoprecipitations were performed as previously described (6) . In some experiments, 1% digitonin was substituted for 1% Brij 96 in the lysis buffer.
FC. FC analyses were performed on a Becton Dickinson FACScan flow cytometer. Data were analyzed with Cellquest software (Becton Dickinson Immunocytometry, San Jose, Calif.) (11) . Debris was excluded from analyses by scatter gating. In some analyses, CD5 ϩ cells or surface IgM ϩ (sIgM ϩ ) cells were gated, and apoptotic analyses were restricted to the gated population.
Apoptosis assays. Cells were cultured for 16 h in RPMI 1640 medium with 10% FBS, 100 M streptomycin, and 100 U penicillin. Cells were labeled using MAbs to surface proteins at 15 g/ml for 30 min at 4°C and with fluorescein isothiocyanate or phycoerythrin-conjugated isotype-specific secondary antibodies, followed by apoptosis assays. Apoptotic cells were identified using the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) method, as described previously (11), or propidium iodide staining. Propidium iodide staining was performed after surface labeling for FC. Cells were suspended in 70% ethyl alcohol overnight at Ϫ20°C, washed, permeabilized in 0.1% Triton X-100-0.1% mM EDTA-50 g of RNase A per ml in phosphatebuffered saline (PBS) for 30 min at 37°C and stained with propidium iodide (20 g/ml), followed immediately by FC analysis. Cells with less than the 2N amount of DNA were classified as apoptotic, while cells with more than 2N were classified as proliferative. In the initial assays, results were verified by DNA ladder assay (11) .
CD5 cross-linking. CD5 molecules were cross-linked to dissociate from the BCR as described by Bikah et al., using biotinylated MAb to CD5 (CACT105A) and avidin (group I) (3). Controls were incubated with biotinylated MAb to CD5 without avidin (group II) or with biotinylated isotype control MAb ColiS69 and avidin (group III). MAbs were dialyzed overnight in 50 mM sodium bicarbonate buffer (pH 8.5) at 4°C, incubated for 2 h on ice with Sulfo-NHS-LC-Biotin (Pierce) at 0.045 g of biotin per g of MAb, and dialyzed again to remove unbound biotin. Biotinylation was quantitated by the 4-hydroxyazobenzene-2-carboxylic acid (Sigma, St. Louis, Mo.)-avidin reaction (15) , and reactivity with CD5 ϩ cells was confirmed by FC analysis. Cells (6 ϫ 10 6 per group) were centrifuged and resuspended in 400 l of RPMI with 10% FBS at 4°C as above. Biotinylated MAb to CD5 or biotinylated isotype control MAb was added (50 g/ml) and incubated for 30 min at 4°C while rotating. Cells were washed twice in RPMI-10% FBS. The biotinylated MAb-bound CD5 molecules were crosslinked with NutrAvidin, a deglycosylated form of avidin (Pierce), 100 g per group, for 20 min at 4°C while rotating and washed twice. Following CD5 cross-linking, cells were incubated at 37°C for 30 min and then stimulated using anti-IgM MAb 1H4 at 6 g/ml and 37°C in 5% CO 2 for 16 h. One control group (IV) was incubated with biotinylated MAb to CD5 and avidin but cultured for 16 h without anti-IgM MAb. To gate on the CD5 ϩ cells, cells were labeled with anti-CD5 MAb B29A (IgG2a) or with isotype control MAb ColiS169A, followed by phycoerythrin-conjugated anti-mouse IgG2a, 1:150.
Statistical analyses. We used 95% confidence intervals to determine if means were significantly different from zero. To assess change in apoptosis after BCR stimulation, the percent change in cells from PL versus uninfected animals was compared using Student's t test if data were normally distributed and the MannWhitney rank sum test if data were not normally distributed. In the CD5 crosslinking experiments, data were compared by analysis of variance (ANOVA) and Fisher's least significant difference (LSD) method. Significance was determined at P Ͻ 0.05.
RESULTS
CD5 is physically associated with the BCR in B cells from normal cattle but not in B cells from BLV-infected PL animals.
CD5 was shown previously to coimmunoprecipitate with BCR from normal human CD5 ϩ B cells (22) . Consistent with these results, we found that CD5 coimmunoprecipitated with CD79a (the Ig-alpha component of the BCR complex) of B cells from uninfected cattle (Fig. 1A) . First, T-cell-depleted, biotin-labeled B cells in 1% digitonin lysis buffer (6) were immunoprecipitated using MAb to CD79a, a tightly linked BCR component, or isotype control MAb. To identify CD5 that was physically associated with CD79a, the precipitates were resolubilized in higher stringency 1% NP-40 lysis buffer and immunoprecipitated a second time (6) with either the CD5 MAb MUC1A or isotype control MAb. As a control, single immunoprecipitation was performed with MAb to CD5.
In contrast, in B cells from BLV-infected PL animals, CD5 did not coimmunoprecipitate with CD79a (Fig. 1B) . In PL cell immunoprecipitations, a faster-migrating background band (60 kDa) was seen in all lanes (lanes 5 to 7) regardless of the primary antibody, but the slightly larger CD5 protein (63 kDa), shown in the single immunoprecipitation control lanes 4 and 8 and in the uninfected-cell coimmunoprecipitation (lane 1), is not seen in association with CD79a from PL cells (lane 5). Even overexposure of the film failed to show a distinct CD5 band in lane 5 compared with control lanes 6 and 7 (data not shown). The identity of the slower-migrating background band (70 kDa) seen in all lanes, including those from cells of uninfected and PL animals, is not known, but it may be Ig heavy chain that attached to the protien G beads in the immunoprecipitations. The experiment was repeated with two other PL and normal animals, and results were similar (data not shown).
BCR stimulation delays apoptosis in PL B cells but increases apoptosis in uninfected B cells. To determine the effect of antigenic stimulation of the BCR on apoptosis of B cells from PL and uninfected animals, ex vivo PBMCs and B-cellenriched cell cultures were cultured for 16 h with or without MAb to IgM (1H4; IgG1) to stimulate the BCR. Apoptotic cells were identified using two different methods, TUNEL ( Fig.  2A and B ) and propidium iodide (Fig. 2B) , and B cells were identified and gated using anti-IgM MAb PIG45A2 (IgG2b).
When apoptosis in PBMC cultures from the PL animals was analyzed by TUNEL, BCR stimulation reduced apoptotic cells from 55.0% of the B-cell population to 41.3%, which represents a 26.0% decrease (mean for four animals). Results were similar in TUNEL-stained B-cell-enriched cell cultures (27.1% decrease) (Fig. 2A) . In Fig. 2A , FC analysis from one experiment with one PL and one uninfected animal is illustrated as a dot plot, and data for each of the animals are summarized.
In contrast, in B cells from the uninfected animals, BCR stimulation increased apoptosis. B-cell apoptosis increased 23.5% in PBMCs (mean for three animals) and 8.9% in B cell-enriched cultures (mean for six animals), as determined by TUNEL (Fig. 2A) .
Regardless of whether apoptosis was detected by TUNEL or propidium iodide, similar changes were seen (Fig. 2B) . When the change in apoptosis of PL cells was compared to that of uninfected cells, the difference was statistically significant in both PBMCs and B-cell enriched cultures and in both TUNEL and propidium iodide experiments (P Ͻ 0.05).
To determine if BCR stimulation also altered B-cell proliferation, the percentage of proliferating cells with more than 2N DNA content was also determined in the propidium iodidestained cells. No significant differences were detected between the PL and uninfected cells or between unstimulated and BCR-stimulated cells (data not shown).
BCR stimulation delays apoptosis in uninfected B cells when CD5 is cross-linked. Observations that CD5 was dissociated from the BCR in PL cattle, BCR-mediated signaling in cells from PL cattle resulted in decreased apoptosis, and data from mice suggesting that CD5 downregulates BCR signaling (3, 34) made us ask if the dissociation of CD5 from the BCR in the PL cells might account for their decreased apoptosis and increased survival in response to BCR stimulation (Fig. 3A) .
To experimentally test this possibility, CD5 was dissociated from the BCR by cross-linking (3). After T-cell depletion, cells were incubated with biotinylated MAb to CD5 (CACT105A) or with biotinylated isotype control MAb, followed by incubation with avidin to cross-link the CD5. The BCR was stimulated with MAb to IgM (1H4), as above (Fig. 3A) . Analysis was restricted to CD5 ϩ cells by gating on cells that reacted with CD5 MAb B29A (IgG2a), and apoptosis was evaluated by TUNEL. The percentage of cells in apoptosis is shown in Fig.  3B and C. To facilitate comparisons among experiments performed at different times, data were also normalized to control group III (biotinylated isotype control MAb, avidin, and MAb to IgM). The percentage of change relative to group III is shown in Fig. 3B and C .
If the observed dissociation of CD5 from the BCR in PL cells causes the BCR-induced decreased apoptosis, we predicted that experimental dissociation of CD5 from the BCR in cells from uninfected animals should likewise decrease BCRinduced apoptosis (Fig. 3A) . In B cells from uninfected animals, which previously showed an increase in apoptosis when the BCR was stimulated ( Fig. 2A and B) , there was a decrease in apoptosis when the CD5-cross-linked cells were BCR stimulated (Fig. 3B) . The mean decrease in apoptosis was 21.47% (95% confidence interval [CI], Ϯ5.64%) (group I) compared with the cells incubated with biotinylated isotype control antibody (group III). To evaluate the possibility that the effect could be due to antibody stimulation of CD5, control group II consisted of cells treated with biotinylated antibody to CD5 but no cross-linking avidin, followed by BCR stimulation. In control group II, in which cells were treated with anti-CD5 without cross-linking, there was only a 3.63% inhibition of apoptosis (95% CI, Ϯ3.60%). As a control for the effects of CD5 cross- linking alone without BCR stimulation (group IV), there was an 11.09% increase in apoptosis, not significantly different from zero (95% CI, Ϯ16.06%). When groups were compared by ANOVA followed by Pearson's LSD method, group I was significantly different from control groups II and IV. If experimentally induced CD5-BCR dissociation results in decreased apoptosis in uninfected, BCR-stimulated B cells, and if CD5 and BCR are already dissociated in B cells from PL animals, then we predicted that CD5 cross-linking should have little or no effect on the B cells from PL animals. CD5 crosslinking followed by stimulation with MAb to the BCR resulted in only a 9.47% mean decrease in apoptosis (group I) compared with the cells incubated with biotinylated negative control antibody (group III) (Fig. 3C) . This decrease was not significantly different from zero (95% CI, Ϯ9.93%). In control group II, there was a 0.48% increase in apoptosis (95% CI, Ϯ4.71%), not significantly different from zero. Consistent with the results in Fig. 2A and B, apoptosis was increased in control group IV, in which cells from PL animals were not treated with antibody to the BCR. When the groups were compared by ANOVA followed by Pearson's LSD method, groups I and II were not significantly different and group IV was different from group III.
DISCUSSION
This study is consistent with and extends observations that CD5 normally functions as a downregulatory modulator of the BCR (3, 9) . Here, we identify a naturally occurring disease in which CD5 is dissociated from the BCR and experimentally test the functional importance of this dissociation in delaying apoptosis. CD5 ϩ B cells from uninfected animals were experimentally induced to behave like the CD5 ϩ B cells from PL animals by dissociation of CD5 and BCR. Indeed, the functional significance of this effect is suggested by the similarity between the magnitude of the effect on uninfected cells of CD5 cross-linking followed by BCR stimulation (mean 21.5% decrease in apoptosis) and the magnitude of the decreased apoptosis in PL cells when they are BCR stimulated (mean 26.9% decrease in apoptosis). Although the magnitude of these apoptotic changes is relatively small in vitro, the biological significance could be much greater. The experiments were performed using cultured cells during a short time, but since PL takes months to years to develop after initial infection, small differences in apoptotic rates can be considerably amplified in vivo (2) .
It is important to differentiate the effects of CD5 crosslinking followed by BCR stimulation from potential effects of antibody-mediated CD5 stimulation alone. In some studies, stimulation of CD5 by antibodies led to increased signaling and cellular responses (17, 19, 21) . It was recently shown that ligation of both CD5 and IgM resulted in increased apoptosis in human tonsillar B cells (28) . Here, the possible effect of antibody-mediated CD5 stimulation was controlled by incubating group II with MAb to CD5 but no avidin and then stimulating with MAb to the BCR. A small effect was seen (3.63% decrease in apoptosis; 95% CI, 3.60%) in cells from uninfected animals, but this effect was much less than the effect of CD5 cross-linking (21.47% decrease in apoptosis; 95% CI, 5.64%). It may also be asked if cross-linking of CD5 alone (i.e., aggregation of the CD5 molecules) without BCR-CD5 dissociation could be responsible for the delayed apoptosis seen here. This is unlikely, because cross-linking of CD5 without BCR stimulation of uninfected cells instead leads to an increase in apoptosis (group IV; Fig. 3B and C) . The mechanisms of the CD5-BCR dissociation in cells from PL animals remain unknown. Physical associations, either direct or indirect, between viral proteins and either CD5 or BCR may disrupt CD5-BCR interactions. One such interaction may involve the BLV transmembrane (TM) protein gp30, CD5, and SHP-1. CD5 physically associates with SHP-1 in human T cells (27) and mouse B-1 B cells (34) , and we found similar results in bovine CD5 ϩ B cells (unpublished data). We previously showed that BLV TM is physically associated with SHP-1 (6) , and a competition between BLV TM, SHP-1, and CD5 may be envisioned that results in dissociation of CD5 and BCR. However, interactions with viral proteins cannot fully explain the dissociation of CD5 and BCR, since not all infected cells express viral proteins. We previously showed that only 15 to 20% of PBMCs from PL cattle express viral p24 even after 24 h of culture (11) . This experiment was done with PBMCs rather than B cells and with expression of p24 rather than TM. However, if viral proteins are only expressed in a small percentage of infected cells, then physical associations between viral proteins and CD5, BCR, or associated proteins such as SHP-1 do not fully explain the CD5-BCR dissociation in ex vivo PL B cells. Correlation of viral load and the percentage of infected cells with apoptotic rates in future experiments may be of assistance in resolving this issue.
Alternatively, the CD5-BCR dissociation may be due to altered cytokines or cellular environment or other changes in cellular signaling components. PL B cells produce increased amounts of IL-2 and IL-10 mRNA, increased IL-2 activity, and decreased amounts of IL-12 mRNA (29, 30, 41) , and it is possible that this altered cytokine environment may trigger changes in CD5 or BCR interactions. Changes in levels of other B-cell surface receptors, including IL-2 receptor alpha and class II MHC, may also be involved (36) .
A third alternative is that the CD5 ϩ B cells of PL cattle may represent a different lineage or different developmental stage than CD5 ϩ B cells of uninfected cattle. A diversity of CD5 ϩ B cells are recognized in other species, including cells in which CD5 expression is either constitutive or induced (46) . Although CD5 ϩ B cells from the uninfected and PL cattle both express CD5, there may be enough other phenotypic differences that only the cell type from the uninfected animals has an association between CD5 and the BCR.
A puzzling conundrum of both HTLV and BLV infection is that only a subset of infected animals develop lymphocyte proliferation. The data here suggest a model to explain this. Delayed apoptosis may be a property of those PL cells that are antigenically stimulated via the BCR. Since PL is a polyclonal condition, virus-expressing cells are a broad array of B cells that are specific for many different antigens. A variety of antigens, then, may trigger delayed apoptosis in those B cells in which the downregulatory CD5 is dissociated from BCR. There may be some threshold of appropriate antigenic triggering of the BCR that results in decreased apoptosis and development of PL in some but not all animals at various times after BLV infection.
The advantage of BLV as an animal model for the closely related HTLV viruses and also for the nonviral human neoplastic disease chronic lymphocytic leukemia is that results from ex vivo or in vitro studies can be experimentally tested in vivo by infection of animals with altered infectious molecular (indicated by a solid circle) . In PL animals, CD5 is dissociated from the BCR and does not downregulate the BCR. The model predicts that in PL animals, in the absence of downregulation by CD5, antigen-triggered BCR signaling will result in decreased apoptosis and increased B-cell longevity. In B cells from uninfected animals, CD5 downregulates antigen-triggered BCR signaling, and apoptosis increases. The model predicts that in B cells from uninfected animals, experimental separation of CD5 from BCR will decrease apoptosis mediated by antigen binding in the same way that apoptosis is decreased in the antigen-triggered PL B cells in which CD5 is already dissociated from the BCR. (B) Cross-linking of CD5 followed by BCR stimulation inhibits apoptosis in CD5 ϩ B cells of uninfected animals. (C) No statistically significant inhibition of apoptosis is seen in CD5 ϩ B cells from PL animals when CD5 is cross-linked followed by BCR stimulation. The percentage of apoptotic cells in each group was compared with group III (non-cross-linked cells stimulated with MAb to BCR) to determine the percent change. Means and 95% CI are shown; significant differences are indicated by superscript letters. In each figure, means that are significantly different are indicated by different letters, while means that are not statistically different are indicated by the same letter.
